1. Introduction {#sec1}
===============

Hepatitis C virus (HCV) is an enveloped single-stranded positive-sense RNA virus belonging to the *Hepacivirus* genus of the *Flaviviridae* family ([@bib4]). The genome of the virus includes 9600 base pairs encoding 4 structural proteins (C, E1, E2 and p7) and 6 nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) ([@bib4]). HCV infection is a risk factor of chronic liver diseases, including cirrhosis, fibrosis and hepatocellular carcinoma. HCV-infected patients have been estimated to number up to 200 million worldwide ([@bib2]). In the past, the standard of care (SOC) for HCV infection is treatment with a combination of pegylated interferon (PEG-IFN-α) and ribavirin (RBV); however, the efficacy of this treatment is only 40%--50% in patients infected with genotype 1 HCV([@bib10]). As well, this SOC therapy is associated with several adverse effects, such as anemia, headache, fatigue and depression ([@bib33]). In 2011, telaprevir and boceprevir, the first DAAs were approved by the US Food and Drug Administration (FDA) and found to exhibited higher rates of sustained virologic responses (SVRs) in patients infected with genotype 1 HCV when combined with PEG-IFN-α, which provided a new SOC for the treatment of chronic HCV infection ([@bib19]). Despite the increasing efficacy of the treatment modes developed for HCV infection, however, undesirable side effects continue to be observed during therapy ([@bib19]). The FDA recently approved the two-agent combo Harvoni and the four-agent combo Viekira Pak for distribution; these treatments could achieve SVRs up to 95% in patients infected with genotype 1 HCV ([@bib20]). Unfortunately, while these antiviral agents achieve higher rates of SVR while avoiding the adverse effects often induced by IFN ([@bib20]), they also exist the risk to reactivate the hepatitis B virus (HBV) in treating patients with HCV and HBV co-infection ([@bib37]). Moreover, these two drugs relatively more expensive than other drugs. Thus, development of a more safety and cost-effective substitute for treatment is an important endeavor.

Celastrol is a quinone methide triterpene isolated from *Tripterygium wilfordii*, a medicinal plant used to treat a range of illnesses including inflammation, swelling, fever, sores, and pain in India, Japan, China, Korea, and other Asian countries ([@bib17], [@bib25], [@bib38]). Celastrol is a meal supplement that is widely used in herbal medicine because of its diverse biological activities, which include anti-inflammation, anti-cancer, hepatoprotection, and anti-microbial properties ([@bib17], [@bib25]). Several reports have demonstrated that celastrol exhibits inhibitory effects on human immunodeficiency virus ([@bib38]), dengue virus ([@bib39]), and other severe acute respiratory syndrome-associated coronaviruses ([@bib32]). Celastrol can induce heme oxygenase-1 (HO-1) gene expression via nuclear factor erythroid 2-related factor 2 (Nrf2) activation to prevent circulatory failure prevention and protect against myocardial ischemia ([@bib7]). HO-1 induction was recently shown to result in anti-HCV activity by inducing type I interferon and inhibiting HCV NS3/4A protease activity ([@bib26], [@bib41]).

HO-1 is an inducible and rate-limiting enzyme that degrades heme to produce biliverdin, carbon monoxide (CO) and ferrous iron (Fe3+) via the heme catabolic pathway ([@bib28]). The enzyme and its metabolites exhibit protective effects against oxidative stress-induced tissue damage upon exposure to multiple stimuli such as viral and bacterial products including lipopolysaccharides, cytokines, oncogenes, mitogens, and various growth factors ([@bib9], [@bib30]). Upon HCV infection, down-regulation of HO-1 expression has been observed in HCV-infected patients and HCV core protein expression although the biological role of HO-1 suppression and the detailed mechanism of HCV against HO-1 expression were unclear ([@bib1]). HO-1 is a detoxifying enzyme that is mainly regulated by Nrf2 ([@bib34]). Activation of HO-1 expression occurs when Nrf2 binds to the antioxidant response element (ARE) of the HO-1 promoter region. By contrast, BACH1 suppresses HO-1 expression by competing with the ARE binding site ([@bib34]). Under normal conditions, Nrf2 is sequestered in the cytoplasm by Kelch-like ECH-associated protein (Keap1)-mediated proteasome degradation ([@bib34]). Upregulating Nrf2/ARE-dependent HO-1 expression to achieve anti-inflammatory and anti-oxidative stress functions is mediated by several host factors, including the mitogene-activated protein kinase (MAPK) molecules p38 MAPK, extracellular signal-regulated kinase 1 and 2 (ERK1/2), and c-Jun N-terminal kinase (JNK) ([@bib30]). In this study, our data revealed that celastrol significantly inhibits HCV replication, and that the anti-HCV effect of celastrol was attenuated by the HO-1 specific inhibitor tin mesoporphyrin (SnMP) or HO-1 gene expression silencing. Celastrol-mediated HO-1 induction contributed to the anti-HCV action through inducing antiviral IFN response and inhibiting HCV NS3 protease activity. Moreover, the JNK/Nrf2/ARE axis was the critical pathway involved in celastrol-mediated HO-1 induction against HCV replication. Combinations of celastrol and IFN-α, sofosbuvir or daclatasvir were tested to determine their ability to enhance of anti-HCV activity.

2. Materials and methods {#sec2}
========================

2.1. Cell culture and virus {#sec2.1}
---------------------------

Human hepatoma (Huh-7), Ava5 (Huh-7 cells containing HCV genotype 1b subgenomic RNA replicon cells) ([@bib3]), and Huh7.5/J6/JFHEMCVIRESRlucNeo (Huh-7 cells harboring HCV genotype 2a subgenomic RNA and renilla luciferase reporter gene) obtained from Apath LLC (St. Louis, MO) were maintained in Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum, 1% non-essential amino acids, and 1% antibiotic--antimycotic in a 5% CO~2~ atmosphere at 37 °C. Huh-7.5 cells stably expressing the pEF/JFH1-Rz/N plasmid were grown to produce cell culture-derived infectious HCV particles (HCVcc), and the conditional medium was collected to harvest viral particles according to a protocol described previously ([@bib18]).

2.2. Reagents {#sec2.2}
-------------

Celastrol (PubChemCID:122724) was purchased from Fusol-Material Co., Ltd (Tainan, Taiwan). IFN-α-2a (Roferon^©^-A) was purchased from Roche Ltd. An HO-1 specific inhibitor \[tin mesoporphyrin (SnMP)\], and MAPK-specific inhibitors (SP600125, SB203580, and PD98059) were purchased from Sigma (St. Louis, MO). Daclatasvir and sofosbuvir was purchased from Shanghai Haoyuan Chemexpress Co., Ltd. The final concentration of DMSO in all reactions was maintained at 0.1%.

2.3. Cell cytotoxicity assay {#sec2.3}
----------------------------

Ava5 cells were seeded in 96-well plates at a density of 5 × 10^4^ cells per well and treated with celastrol at the indicated concentrations. After 3 days incubation, the cell viability was determined by the CellTiter 96 AQ~ueous~ One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer\'s instructions.

2.4. Plasmid construction {#sec2.4}
-------------------------

pHO-1-Luc ([@bib13]) and p3xARE-Luc ([@bib27]) vectors were used to measure the transcriptional activity of HO-1 and Nrf2, respectively. pISRE-Luc, a reporter vector containing firefly luciferase under the control of an IFN-stimulated response element (ISRE), was used to measure IFN response-dependent transcriptional activity (Stratagene, Agilent Technologies, CA, USA). All cloned DNA fragments were verified by DNA sequencing.

2.5. Western blotting {#sec2.5}
---------------------

Western blotting was performed as described previously ([@bib24]). In brief, 20 μg of cell lysates was analyzed by SDS-PAGE, and then transferred to a PVDF membrane. The membranes were probed with anti-HCV NS5B (1:5000; Abcam, Cambridge, MA, USA), anti-HO-1 (1:3000; Abcam), anti-Nrf2 (1:3000; GeneTex, CA, USA), anti-phospho-ERK1/2 (1:1000; Cell Signaling Technology, Inc. Danvers, MA, USA), anti-phospho-p38 (1:1000; Cell Signaling), anti-phospho-JNK (1:1000; Cell Signaling), anti- ERK1/2 (1:1000; Cell Signaling), anti-p38 (1:1000; Cell Signaling), or anti-JNK (1:1000; Cell Signaling)antibody. A loading control was determined using anti-GAPDH antibody (1:10000; GeneTex).

2.6. Quantification of HCV RNA and cellular mRNAs {#sec2.6}
-------------------------------------------------

RNA isolation and quantitative real-time RT-PCR (qRT-PCR) were performed as described previously ([@bib24]). Relative mRNA levels were determined by normalization against the cellular endogenous glyceraldehyde-3-phosphate dehydrogenase (*gapdh*) gene. The primers used in the study are listed in [Table 1](#tbl1){ref-type="table"} .Table 1Celastrol synergistically or additively inhibits HCV replication when combined with IFN-α, sofosbuvir, daclatasvir or telaprevir. Standard deviations denote the mean ± SD of three independent experiments.Table 1Combination compoundCombination index values atEC~50~EC~75~EC~90~IFN-α1.01 ± 0.020.93 ± 0.040.86 ± 0.01Sofosbuvir0.31 ± 0.050.44 ± 0.020.63 ± 0.01Daclatasvir0.40 ± 0.060.43 ± 0.070.46 ± 0.02Telaprevir1.03 ± 0.040.99 ± 0.080.97 ± 0.03

2.7. Transfection and luciferase activity assay {#sec2.7}
-----------------------------------------------

To evaluate the transcriptional regulation of HO-1, Nrf2, or IFN response by celastrol, the Ava5 cells were seed on the 24-wells plates at a density of 4 × 10^5^ cells per well. After 24 h incubation, the 0.5 μg of promoter-driven firefly luciferase plasmids, including pHO-1-Luc, p3xARE-Luc, or pISRE-Luc, were respectively transfected into pre-seeded Ava5 cells using T-Pro™ transfection reagent (Ji-Feng Biotechnology Co., Ltd. Taiwan), according to the manufacturer\'s instructions. The transfected cells were then treated with celastrol at various concentrations for 3 days. Cell lysates were prepared for the luciferase activity assay and Western blotting using the Bright-Glo Luciferase Assay System (Promega, Madison, WI, USA).

2.8. NS3/4A activity assay {#sec2.8}
--------------------------

The cell-based NS3/4A activity assay was performed as described previously ([@bib24]). In brief, the Huh-7 cells were seed on the 24-wells plates at a density of 4 × 10^5^ cells per well. After 24 h incubation, the cells were co-transfected with the NS3/4A protease reporter vector pEG(DEΔ4AB)SEAP and NS3/4A expression vector pNS3/4A, followed by celastrol treatment with or without SnMP or 3 days. The 0.6 μM telaprevir treatment server as the positive control. Supernatants were harvested for the SEAP activity assay using the Phospha-Light assay kit. Each transfection mixture contained 0.1 μg of the firefly luciferase expression vector (pFLuc) as a transfection control for normalization against SEAP activity.

2.9. Quantification of extracellular interferon alpha (IFN-α) {#sec2.9}
-------------------------------------------------------------

Cells were seeded in 24-well plates at a density of 4 × 10^4^ cells/well and treated with various concentrations of celastrol for 3 days. The cell culture medium was harvested to measure IFN-α concentration using a human IFN-α ELISA kit (USCNK Life Science Inc., USA) according to the manufacturer\'s protocol. Absorbance was detected at 450 nm using an Epoch microplate spectrophotometer.

2.10. Nuclear fraction preparation {#sec2.10}
----------------------------------

Ava5 cells were seeded in a 10-cm dish at a density of 1.4 × 10^6^ cells per 10-cm dish, and treated with increasing [concentration](http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=%E6%BF%83%E5%BA%A6){#intref0010}s of celastrol for 3 days. The cells were then collected for preparation of a nuclear fraction as described previously ([@bib24]).

2.11. Analysis of drug synergism {#sec2.11}
--------------------------------

Ava5 cells were treated with serially diluted celastrol ([0,]{.ul} 0.05, 0.1, or 0.2 μM) in combination with serially diluted IFN-α (7.5, 15, 30, or 60 U/ml), telaprevir (0.075, 0.15, 0.3, and 0.6 μM) sofosbuvir (10, 20, 40, or 80 nM), or daclatasvir (0.5, 1, and 2 pM). After 3 days of incubation, HCV RNA levels were determined by qRT-PCR. Multiple drug combination data were analyzed using CalcuSyn2™ software (Biosoft, Cambridge, UK) which compares single and multiple drug dose effects and determines the combination index (CI) value. The effect of a multiple drug combination is presented as antagonism (CI \> 1), additivity (CI = 1), or synergism (CI \< 1).

2.12. Statistical analysis {#sec2.12}
--------------------------

Data were presented as the mean ± standard deviation of at least three independent experiments. Statistical significance was analyzed using Student\'s *t*-test. A significant difference was considered as \**P* \< 0.05.

3. Results {#sec3}
==========

3.1. Celastrol inhibits HCV replication {#sec3.1}
---------------------------------------

Celastrol is a quinone methide triterpene ([Fig. 1](#fig1){ref-type="fig"} A) possessing anti-DENV activity ([@bib25]). To discover whether celastrol exhibits anti-HCV activity, we first treated HCV subgenomic replicon Ava5 cells with celastrol at increasing concentrations for 3 days. Western blotting assay and qRT-PCR analysis were performed to determine HCV protein and RNA levels under celastrol treatment, respectively. The cytotoxic effect of celastrol on Ava5 cells was also tested using the MTS assay. The results indicated that celastrol dose-dependently reduced HCV protein synthesis ([Fig. 1](#fig1){ref-type="fig"}B) and RNA replication with a 50% effective concentration (EC~50~) of 0.37 ± 0.022 μM ([Fig. 1](#fig1){ref-type="fig"}C) without cytotoxicity at effective antiviral concentrations (50% cytotoxicity concentration: CC~50~ = 4.83 ± 0.32 μM) ([Fig. 1](#fig1){ref-type="fig"}D). Based on the results collected from HCV replicon, the selectivity index of celastrol against HCV replication approximates 13. The JFH1 replicon and HCVcc infectious assay was performed to confirm the anti-HCV activity of celastrol. Here, Huh7.5/J6/JFHEMCVIRESRlucNeo replicon cells and JFH1-infected Huh-7 cells were treated with increasing concentrations of celastrol for 3 days. As shown in [Fig. 1](#fig1){ref-type="fig"}E and F, qRT-PCR analysis revealed that celastrol dose-dependently reduced HCV RNA levels and fully inhibited HCV replication at a concentration of 0.7 μM.Fig. 1**Celastrol suppresses HCV replication**. (A) Structure of celastrol. (B--C) Celastrol inhibits HCV RNA and protein synthesis in HCV genotype 1b subgenomic replicon cells. Ava5 cells were treated with 0, 0.2, 0.3, 0.4, or 0.5 μM of celastrol for 3 days. (B) Viral protein level were determined by Western blotting with anti-HCV NS5B antibody, using GAPDH as the internal control. Band intensity was quantified by densitometric scanning and presented as fold-values. (C) RNA levels of HCV were analyzed by qRT-PCR, and viral RNA was normalized against the GAPDH mRNA level. (D) Cytotoxicity was analyzed by MTS assay after incubation of celastrol for 3 days. (E--F) Celastrol inhibits HCV RNA and protein synthesis in HCV genotype 1b subgenomic replicon cells and HCVcc-infected cells. Huh7.5/J6/JFHEMCVIRESRlucNeo replicon (E) and HCV-infected Huh-7.5 cells (F) were treated with 0, 0.2, 0.3, 0.4, 0.5, 0.6, or 0.7 μM of celastrol for 3 days. RNA levels of HCV were analyzed by qRT-PCR, and viral RNA was normalized against the GAPDH mRNA level. Error bars denote the mean ± SD of three independent experiments. \*P \< 0.05.Fig. 1

3.2. Celastrol inhibits HCV replication through the induction of HO-1 expression {#sec3.2}
--------------------------------------------------------------------------------

Celastrol was recently shown to induce on HO-1 gene expression for antiviral activity ([@bib38]). We first examined whether celastrol could induce HO-1 expression by determining HO-1 promoter activity, as well as HO-1 RNA and protein levels, in Ava5 cells in the presence of celastrol. Ava5 cells were transfected pHO-1-Luc containing a firefly luciferase gene driven by the HO-1 promoter. Then, the transfected-cells were treated with celastrol at increasing concentrations for 3 days and subjected to luciferase activity assay. The results indicated that celastrol significantly induced the HO-1 promoter activity in a concentration-dependent manner ([Fig. 2](#fig2){ref-type="fig"} A). As expected, the HO-1 RNA and protein levels were also dose-dependently induced by celastrol ([Fig. 2](#fig2){ref-type="fig"}B and C). To investigate whether celastrol-induced HO-1 expression is involved in the anti-HCV activity of celastrol, Ava5 cells were co-treated with a fixed concentration of celastrol and increasing concentrations HO-1 specific inhibitor SnMP for 3 days. Western blotting assay was preformed to determine the restorative effect of SnMP on HCV protein synthesis upon celastrol treatment. As shown in [Fig. 2](#fig2){ref-type="fig"}D, celastrol inhibited HCV protein synthesis compared with non-celastrol treated cells (lanes 1 and 2) By contrast, SnMP treatment dose-dependently attenuated the suppressive effect of celastrol on HCV protein synthesis (lanes 3--5). As expect, the HO-1 specific shRNA mediated HO-1 gene silencing also can attenuate the suppressive effect of celastrol on HCV protein synthesis ([Fig. 2](#fig2){ref-type="fig"}E). These results reveal that celastrol inhibited HCV replication is correlated with HO-1 induction.Fig. 2**Celastrol inhibits HCV replication by stimulating HO-1 expression**. (A) Celastrol induces HO-1 promoter activity. Ava5 cells were transfected with pHO-1-Luc followed by celastrol treatment. Luciferase activity was determined after 3 days. (B--C) Celastrol induces HO-1 RNA and protein levels upon HCV replication. Ava5 cells were incubated with celastrol for 3 days, after which total RNA and protein were collected. RNA (B) and protein (C) levels of HO-1 were determined by qRT-PCR and Western blotting, respectively. Band intensity was quantified by densitometric scanning and presented as fold-values. (D) HO-1 inhibitor SnMP attenuates the inhibitory effect of celastrol on HCV replication. Ava5 cells were co-treated with a fixed concentration of celastrol and 1, 5, or 10 μM of SnMP for 3 days. HCV protein synthesis was then evaluated by Western blotting. (E) HO-1 specific shRNA attenuates the inhibitory effect of celastrol on HCV replication. Ava5 cells were transfected with 1 μg of HO-1 shRNA, and then treated with 0.5 μM of celastrol for 3 days. HCV protein synthesis was evaluated by Western blotting. Error bars denote the means ± SD of three independent experiments. \*P \< 0.05.Fig. 2

3.3. Celastrol induces antiviral IFN response in Ava5 cells {#sec3.3}
-----------------------------------------------------------

HO-1 induction has been reported to induce IFN responses against virus replication ([@bib26]). To investigate whether anti-HCV effect of celastrol is mediated by antiviral IFN responses, we first measured IFN-α gene expression in Ava5 cells upon celastrol treatment at increasing concentrations for 3 days. The results of qRT-PCR analysis indicated that IFN-α-5 and IFN-α-17 RNA levels were gradually induced by celastrol ([Fig. 3](#fig3){ref-type="fig"} A). By contrast, the inductive effect of celastrol on IFN-α-5 and IFN-α-17 RNA levels was significantly attenuated by HO-1 inhibitor SnMP in a concentration-dependent manner ([Fig. 3](#fig3){ref-type="fig"}B). We next measured IFN-α protein secretion levels in the culture medium after celastrol treatment. As expected, ELISA results indicated that IFN-α protein secretion levels were gradually induced by celastrol after 3 days of treatment ([Fig. 3](#fig3){ref-type="fig"}C). An antiviral effect on cells may be attributed to the interaction of IFN-α and cell surface IFN-α receptors, leading to the activation of ISRE and upregulation of downstream antiviral genes ([@bib40]). To evaluate whether celastrol-induced IFN-α could activate downstream antiviral genes, ISRE activity and the expression of three critical IFN-mediated antiviral genes, including 2′-5′-oligoadenylate synthetase 1--3 (OAS1--3), were measured. Ava5 cells were transfected with ISRE-driven firefly luciferase reporter plasmid followed by treatment with celastrol for 3 days. Luciferase assay results indicated that the ISRE promoter activity was increased by approximately 2.8--6.5-fold by celastrol ([Fig. 4](#fig4){ref-type="fig"} A). OAS1--3 gene expression levels were significantly upregulated approximately 1.8 ± 0.04, 3.9 ± 0.06, and 4.7 ± 0.09-fold by celastrol, respectively ([Fig. 4](#fig4){ref-type="fig"}B).Fig. 3**Celastrol induces antiviral IFN responses through HO-1 induction**. (A) Celastrol induces IFN RNA levels upon HCV replication. Ava5 cells were treated with 0, 0.2, or 0.5 μM of celastrol for 3 days. RNA levels of IFN-α-5 and IFN-α-17 were measured by qRT-PCR. (B) HO-1 inhibitor antagonizes the inductive effect of celastrol on IFN expression levels. Ava5 cells were treated with 0.5 μM of celastrol and increasing concentrations of SnMP for 3 days. RNA levels of IFN-α-5 and IFN-α-17 were analyzed by qRT-PCR. (C) Celastrol induces IFN secretion upon HCV replication. Ava5 cells were treated with 0, 0.2, or 0.5 μM of celastrol for 3 days. The supernatant was then collected to analyze the secretion level of IFN-α by ELISA. Error bars denote the mean ± SD of three independent experiments. \*P \< 0.05.Fig. 3Fig. 4**Celastrol increases IFN-mediated antiviral genes expression**. (A) Celastrol stimulates ISRE activity. Ava5 cells were transfected with 0.5 μg of pISRE-Luc followed by 0, 0.2, or 0.5 μM of celastrol and incubated for 3 days. Luciferase activity represented ISRE activity. (B) Celastrol stimulates the expression level of antiviral genes. Ava5 cells were treated with 0, 0.2, or 0.5 μM of celastrol for 3 days, and RNA levels of OAS1, OAS2 and OAS3 were analyzed by qRT-PCR. Error bars denote the mean ± SD of three independent experiments. \*P \< 0.05.Fig. 4

3.4. Celastrol inhibits HCV NS3/4A protease activity in Huh-7 cells {#sec3.4}
-------------------------------------------------------------------

Another proposed anti-HCV action of HO-1 induction is inhibition of NS3/4A protease activity ([@bib41]). Therefore, we performed a cell-based HCV protease assay to examine the ability of celastrol to target HCV NS3/4A protease activity. Huh-7 cells were co-transfected with pEG(DE4AB)SEAP reporter and HCV pNS3/4 protease expression plasmids, followed by celastrol treatment for 3 days. As shown in [Fig. 5](#fig5){ref-type="fig"} A, HCV NS3/4A protease activity decreased by approximately 1.2--4-fold in comparison with that of the control by celastrol. By contrast, the inhibitory effect of celastrol on HCV NS3/4A protease activity was dose-dependently attenuated by HO-1 inhibitor SnMP ([Fig. 5](#fig5){ref-type="fig"}B). These data indicate that targeting HCV NS3/4A protease is an alternative anti-HCV action of celastrol.Fig. 5**Celastrol suppresses HCV protease activity via upregulating HO-1 activity**. (A) Celastrol inhibits HCV protease activity. Ava5 cells were transfected with pEG(DE4AB)SEAP and pNS3/4 followed by 0, 0.05, 0.1, or 0.2 μM of celastrol for 3 days. The 0.6 μM telaprevir treatment server as the positive control. EGFP activity served as the internal control, and SEAP activity represented HCV NS3/4A protease activity. (B) HO-1 inhibitor attenuates the inhibitory effect of celastrol on HCV protease activity. Ava5 cells were transfected with pEG(DE4AB)SEAP and pNS3/4 followed by 0.5 μM of celastrol and the indicated concentrations of SnMP for 3 days. The 0.6 μM telaprevir treatment server as the positive control. EGFP activity served as the internal control, and SEAP activity represented HCV NS3/4A protease activity. Error bars denote the mean ± SD of three independent experiments. \*P \< 0.05.Fig. 5

3.5. Celastrol induces Nrf2 nuclear translocation in Ava5 cells {#sec3.5}
---------------------------------------------------------------

Nrf2 functions as an important upstream regulator in the mediation of HO-1 expression by binding to the ARE response element ([@bib9]). To investigate whether celastrol-induced HO-1 induction is mediated by Nrf2 activation, we first investigated Nrf2 nuclear translocation. Ava5 cells were treated with increasing concentrations of celastrol for 3 days, after which the total cells lysate and nuclear fraction were harvested and subjected to Western blotting assay. As shown in [Fig. 6](#fig6){ref-type="fig"} A, total Nrf2 protein levels were not affected by celastrol (upper panel). By contrast, nuclear Nrf2 protein levels significantly accumulated upon celastrol treatment at a concentration of 0.5 μM, which is the effective dosage against HCV replication. We then examined the Nrf2-mediated ARE activation caused by celastrol. Here, Ava5 cells were transfected with ARE-driven firefly luciferase reporter plasmid. The transfected-cells were treated with increasing concentrations of celastrol for 3 days. As expected, ARE-driven firefly luciferase activity was elevated by celastrol in a concentration-dependent manner ([Fig. 6](#fig6){ref-type="fig"}B). Considering these results, the Nrf2-ARE-HO-1 axis can be concluded to be strongly associated with the anti-HCV activity of celastrol.Fig. 6**Celastrol induces HO-1 expression level by upregulating Nrf2 activation**. (A) Celastrol increases the nuclear accumulation of Nrf2. Ava5 cells were incubated with celastrol for 3 days, and the total cell lysate and cellular nuclear fraction were harvested. Total Nrf2 (T Nrf2) and nuclear Nrf2 (NE Nrf2) levels were analyzed by Western blotting using anti-Nrf2 antibody. Lamin B1 served as the internal control for the nuclear fraction, and GAPDH served as internal control for the total cell lysate. (B) Celastrol increases Nrf2-mediated ARE transactivation. Ava5 cells were transfected with 0.5 μg of p2xARE-Luc followed by celastrol treatment for 3 days, and then harvest to analyze their luciferase activity. Here, luciferase activity was used to represent ISRE activity. Error bars denote the mean ± SD of three independent experiments. \*P \< 0.05.Fig. 6

3.6. JNK MAPK is involved in Nrf2-mediated HO-1 induction by celastrol {#sec3.6}
----------------------------------------------------------------------

Activation of the MAPK signaling cascade, which includes p38, ERK1/2, and JNK, has been reported to be involved in HO-1 induction resulting in anti-HCV activity ([@bib14], [@bib30], [@bib31], [@bib36]). To investigate whether MAPKs are involved in anti-HCV effect of celastrol, Ava5 cells were treated with 0.5 μM celastrol for 0--120 min. The phosphorylation levels of p38, ERK1/2, and JNK were then measured by Western blotting with phospho-specific antibodies. As shown in [Fig. 7](#fig7){ref-type="fig"} A, the JNK phosphorylation levels were elevated by celastrol in a time-dependent manner compared with that at the time point of 0 min. By contrast, celastrol showed no significant effect on ERK/1/2 or p38 phosphorylation at any time point. To clarify the role of JNK in the HO-1 induction of celastrol, we used specific inhibitors against ERK1/2 (PD98059), JNK (SP600125), and p38 (SB203580), to measure HO-1 RNA expression. As shown in [Fig. 7](#fig7){ref-type="fig"}B, HO-1 RNA expression levels were induced by celastrol compared with non-celastrol treated cells and the JNK inhibitor SP600125 significantly reduced the HO-1 inductive effect of celastrol. By contrast, the ERK1/2 inhibitor PD98059 and p38 inhibitor SB203580 showed no significant effect on celastrol-induced HO-1 induction. These results suggest that the anti-HCV effect of celastrol is associated with JNK-mediated HO-1 induction in Ava5 cells.Fig. 7**Celastrol induces JNK-MAPK activation to stimulate Nrf2-HO-1 pathway**. (A) Celastrol increases JNK phosphorylation. Ava5 cells were incubated with 0.5 μM of celastrol, and the cell lysate was collected at the indicated time points (0--120 min). The levels phosphorylated and total proteins of ERK1/2, JNK and P38 were analyzed by Western blotting with specific antibodies. Band intensity was quantified by densitometric scanning and presented as fold-values relative to the time point of 0 min (defined as 1) following normalization against the GAPDH protein level. (B) JNK inhibitor antagonizes the inductive effect of celastrol on HO-1 expression. Ava5 cells were incubated with 0.5 M of celastrol and a MAPK inhibitor, including ERK1/2 (PD98059), JNK (SP600125), or p38 (SB203580). After 3 days treatment, HO-1 RNA levels were analyzed by qRT-PCR. Error bars denote the mean ± SD of three independent experiments.Fig. 7

3.7. Celastrol synergistically or additively inhibits HCV replication when combined with IFN-α, sofosbuvir, daclatasvir or telaprevir {#sec3.7}
-------------------------------------------------------------------------------------------------------------------------------------

To determine whether celastrol can enhance the anti-HCV activity of several of clinically used anti-HCV drugs, such as IFN-α, the NS3/4A inhibitor telaprevir, the NS5B inhibitor sofosbuvir ([@bib21]) and the NS5A inhibitor daclatasvir ([@bib22]). Ava5 cells were co-treated with each drug and celastrol at various concentration ratios for 3 days. The synergistic effect of each combination was evaluated by Calcusyn 2.1 as described by [@bib6]. The CI values for the EC~50~, EC~75~, and EC~90~ of IFN-α ranged from 1.01 to 0.86, those of telaprevir ranged from 1.03 to 0.97, sofosbuvir ranged from 0.31 to 0.63 and daclatasvir is ranging from 0.4 to 0.46 ([Table 1](#tbl1){ref-type="table"}). No significant cytotoxicity was observed in any combination treatment, as assessed by a colorimetric MTS assay (data not shown). These findings reveal that celastrol may serve as a dietary supplement for enhancing the therapeutic effect of clinically used anti-HCV drugs.

4. Discussion {#sec4}
=============

The type I IFN system presents important innate immunity to effectively block virus replication ([@bib15], [@bib29]). HCV infection has been reported to inhibit antiviral IFN responses that facilitate virus replication by promoting the HCV NS3/4A protease-mediated cleavage of mitochondrial antiviral-signaling protein (MAVS)/TIR-domain-containing adapter-inducing interferon-β (TRIF) ([@bib11]). In the present study, we found that a natural product celastrol could effectively inhibit HCV NS3/4A protease activity and enhance IFN-mediated antiviral gene expression through HO-1 induction ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}). The HO-1 metabolite biliverdin has been proven to be a blocker of HCV NS3/4A protease activity. Therefore, the regulatory effect of celastrol on the mitochondria-mediated INF signaling pathway against virus replication presents promising prospects for future investigations.

Our data revealed that Nrf-2-mediated HO-1 induction contributed to the anti-HCV activity of celastrol based on the accumulation of nuclear Nrf-2 and enhancement of Nrf-2 binding activity on the ARE response element ([Fig. 6](#fig6){ref-type="fig"}). Given that the activation of Nrf2 nuclear translocation is regulated by Keap1-dependent ubiquitination and Bach1, a competitor of Nrf2 for binding to ARE in the HO-1 promoter region ([@bib28]), future studies should be performed to determine whether celastrol alters the expression levels of Keap-1 or Bach1 for regulating HO-1 induction. Knowledge in this area will help provide alternative targets for screening anti-HCV agents. We further found that the HO-1 inductive effect of the celastrol was also associated with JNK activity ([Fig. 7](#fig7){ref-type="fig"}). However, several kinases are involved in JNK activation, including mitogen-activated protein kinase kinase 4 (MKK4), MKK7 and mixed-lineage kinases (MLKs) ([@bib35]). Future studies should examine the effect of celastrol on the kinases involved in JNK activation comprehensively describe the relationship between celastrol and HO-1 induction. Several studies have indicated that celastrol exhibits anti- inflammatory activity by inhibiting of nuclear factor-κB (NF-κB) and downstream cycloxygenase-2 (COX-2) ([@bib8], [@bib16]). On the basis of earlier findings on a promising tactic against HCV infection via down-regulation of NF-κB-mediated COX-2 expression ([@bib5], [@bib23]), we propose that the inhibitory effect of celastrol on NF-κB-mediated COX-2 expression may, at least in part contribute to its anti-HCV activity. Hence, more work is necessary to elucidate additional signaling pathways involved in the anti-HCV activity of celastrol.

Drug combination therapy is considered to be a promising approach to increase therapeutic efficacy and decrease drug resistance in comparison with mono-drug therapy ([@bib12]). The two-agent combo Harvoni and the four-agent combo Viekira Pak, which could achieve the SVRs of up to 95% in patients infected with genotype 1 HCV. However, the low fidelity of HCV polymerase during viral replication may lead to the emergence of drug resistance, which poses a major challenge in treating HCV infection ([@bib24]). Targeting host factors could be an alternative strategy to eliminate drug resistance in HCV therapeutic regimens because the mutation rate of the host genome is lower than that of the RNA virus genome ([@bib27]). In this study, we showed that celastrol can be considered as a suitable candidate for HCV therapy to minimize the risk of drug resistance by targeting host HO-1 signaling pathway and synergistically inhibiting HCV replication in combination with clinically used drugs against different viral targets ([Table 1](#tbl1){ref-type="table"}). Further studies are warranted to clarify the potential clinical relevance of our findings.

In summary, the data indicated that celastrol efficiently inhibited HCV replication via the induction of the JNK/Nrf2/HO-1 axis, which may represent a therapeutic target for the future development and discovery of anti-HCV drugs. Celastrol exhibited synergetic effects on anti-HCV activity in combination with IFN, sofosbuvir or daclatasvir. These results reveal that celastrol may serve as a dietary supplement for enhancing therapeutic effects of the anti-HCV drugs currently available.
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